Background: Previous clinical studies have shown that emergence from isoflurane anaesthesia takes longer in elderly patients compared with middle-aged patients. The current study investigated whether delayed emergence from anaesthesia in older age is associated with the age-related decrease in orexin receptors by using a rat model. Methods: Adult and aged SpragueeDawley rats were used to assess the time to emergence after 30 min isoflurane anaesthesia (1.4 vol%), and differences in the orexinergic systems, including the number of orexinergic neurones, plasma orexin concentrations, and expression of orexin-1 (OX1R) and orexin-2 receptors, compared using immunofluorescence, radioimmunoassay, western blot, and real-time polymerase chain reaction. The effects of OX1R expression on emergence time were determined by virus-mediated overexpression of OX1R using intra-cerebroventricular injection. Results: The median (range) emergence time of aged rats was longer than that in adult rats [1082 (1010e1130) compared with 848 (829e938) s; P¼0.0009]. Plasma orexin concentrations were higher in the aged group than the adult group [34 (33e37) and 25 (22e31) pg ml
Editor's key points
Cognitive dysfunction in elderly patients after surgery is associated with delayed emergence; the exact mechanisms are unclear. The role of the neuropeptide orexin in delayed emergence in aged compared with adult rats after isoflurane anaesthesia was investigated. Orexin-1 receptor expression was lower and emergence time was delayed in aged rats, and its overexpression resulted in faster emergence times. Altered orexin-1 receptor expression offers a plausible mechanism for delayed emergence after anaesthesia in the elderly.
As general anaesthesia for surgery in the elderly population is commonly performed, 1 much attention has been given to the ageing-related postoperative cognitive disorders. Many elderly patients undergoing surgical procedures experience delayed emergence from anaesthesia, 2, 3 and reduced metabolism and clearance of anaesthetics have been implicated. 3, 4 Nevertheless, clinical research has revealed that, even when the ageadjusted minimum alveolar concentration (MAC) is applied, duration of anaesthesia is significantly longer in elderly patients than in middle-aged ones. 3 Orexin has a critical role in the sleepewake cycle 5e8 and in anaesthesia arousal regulation, 9e12 and we have found that plasma orexin concentrations in elderly patients are higher compared with adults, 3 consistent with previous observations in a healthy population. 13 However, it remains unclear whether changes in the orexinergic system are associated with delayed emergence from anaesthesia in aged individuals. This study investigated whether neurobiological changes of orexinergic system may provide a mechanism to explain delayed emergence from inhaled anaesthesia with increasing age in rats. 
Methods

Animals
Experimental protocols
Experiment 1
Rats were divided into two groups: adults and aged adults. The induction and emergence times after isoflurane anaesthesia were compared in the two groups (n¼8 per group), along with the numbers of orexinergic neurones in the hypothalamus (n¼12), arterial blood sampling to determine the plasma concentration of orexin (n¼6), and expression of orexin receptors in the brain (n¼6) to determine the differences in the activity of the orexinergic system.
Experiment 2
Orexin type 1 receptor (OX1R) was overexpressed via intracerebroventricular injection of a single-stranded AAV9 virus carrying the Hcrtr1 gene. To test the transfection efficiency, aged rats were additionally divided into two subgroups given either the virus carrying the rHcrtr1 gene (AAV9-rHcrtr1-IRESZsGreen) or a sham virus (AAV9-IRES-ZsGreen). The adult rats were compared with the virus-infected aged groups. After treatment, brain tissues were collected and OX1R expression was analysed using western blot and real-time polymerase chain reaction (PCR) (n¼6 per group). A further 12 aged rats receiving the viral vector carrying the rHcrtr1 gene (AAV9-rHcrtr1-IRES-ZsGreen) (n¼6) or a sham virus (AAV9-IRES-ZsGreen) (n¼6 per group) were used for anaesthesia induction/emergence times and testing for virus transfection by immunofluorescence staining 4 weeks later (n¼6 per group).
Determination of emergence time and EEG recording
Anaesthesia was induced and maintained by 1.4 vol% isoflurane/1 MAC of inhaled isoflurane 14, 15 
AAV9 production and intra-cerebroventricular injections
Single-stranded AAV9-rHcrtr1-IRES-ZsGreen or an empty virus vector expressing the fluorescent protein ZsGreen under the control of the cytomegalovirus promoter via an intron enhancer (AAV9eIRES-ZsGreen) was purchased from Biowit (Shenzhen, China). This virus is capable of crossing the bloodebrain barrier and mediating neurone-specific transgene expression of OX1R after intra-cerebroventricular injection. 17 The titre of recombinant adenovirus was 1 Â 10 13 vg ml À1 . A guide cannula (OD 0.6 mm) for a microinjection needle (5 mm) was stereotaxically inserted into the cerebral ventricle. The coordinates of the microinjection tip of the guide cannula were adopted according to the atlas of Paxinos and Watson
35
: e0.45 mm anteroposterior, þ1.5 mm lateral to bregma, and 2 mm in ventral depth. The injection needle used for microinjection was 1 mm longer than the guide cannula. Each rat received 10 mL of recombinant adenovirus via the intracerebroventricular injection at a rate of 0.5 ml min
À1
. To improve the expression rate of the virus, the injection was repeated a week later. Samples were collected to examine the receptor protein expression 4 weeks after the final injection.
Details of the immunofluorescence staining, western blotting, radioimmunoassay for plasma orexin-A, and real-time PCR are provided in the Supplementary material.
Statistical analysis
Prism 7.0 (GraphPad, San Diego, CA, USA) was used for the statistical analysis. No assumptions were made regarding data distribution, and the Wilcoxon or ManneWhitney test was used to compare groups as appropriate. Two-tailed testing and 5% probability of Type I error were considered when determining statistical significance.
Results
Emergence time from isoflurane anaesthesia was delayed in the aged rats During anaesthesia, the core temperature and respiration rates were similar in both groups of rats [36.7 (35.6e36.8) C and 36.8 (35.7e36.9) C and 40 (38e41) and 41 (40e42) bpm adult and aged rats, respectively. Fig. 1a shows that the median (range) emergence time was 1082 (1010e1133) s for aged rats and 847.5 (828.8e938.3) s for adult rats; P¼0.0009). Fig. 1b shows the power-spectrum transition from mainly delta frequency OX1R related to anaesthesia emergence in aged rats -1099 representing the states of anaesthesia to theta frequency, and the recovery of consciousness in EEG form as a proxy. Both RORR time and EEG showed that aged rats returned to consciousness later than adult rats.
Aged and adult rats have similar number of orexinergic neurones
We compared the numbers of orexinergic neurones in the lateral hypothalamic area, perifornical and dorsomedial hypothalamus, in the two groups. The density of orexinergic neurones was similar in both groups (Fig. 2aee) . The median number of orexin-immunoreactive cells was 595.5 (564e657.5) in adult rats and 630.5 (580.5e689.3) in aged rats (P¼0.27; Fig. 2e ).
Orexin expression
The plasma orexin concentrations were significantly higher in aged rats [34. Fig. 3a and b] , but the orexin type 2 receptor (OX2R) protein expression levels were similar in the two groups ( Fig. 3d and e) . Consistent with protein expression levels, the mRNA expression of OX1R but not OX2R was also significantly lower in aged compared with adult rats [0.42 (0.35e0.53) and 0.97 (0.83e1.07), respectively; P¼0.002; Fig. 3c and f]. A significant correlation was observed between the OX1R expression and the emergence time in the aged rats (R¼0.9; P¼0.01; Pearson correlation). The density of immunofluorescence staining for OX1R was also higher in the adult group than in the aged group, whilst staining for OX2R was similar in both groups (Fig. 3g) .
Adenovirus mediates the enhanced expression of OX1R in the aged brain Four weeks after virus injection, the widespread expression of ZsGreen was observed throughout the brain, including the hypothalamus (Fig. 4d) . Relative OX1R protein and mRNA expression in rats receiving the active gene was as higher than in those receiving the empty vector (P¼0.002; Fig. 4aec ). Transfection of aged rats with the active gene resulted in increased OX1R protein and mRNA expression compared with sham-transfected aged rats, such that the expression was not different from the normal adult group (Fig. 4b  and c) .
OX1R up-regulation reduces the emergence time from isoflurane anaesthesia in aged rats
In aged rats transfected with the active gene, the anaesthesia emergence time was significantly reduced compared with those receiving the empty virus. Before transfection, the time to emergence in the active gene group was 1115 (1041e1187) s, which was similar to the sham group [1153 (913.5e1200) s]. However, 4 weeks after transfection, the emergence time in the rats given the active gene significantly decreased to 769.5 [(576.3e928.5) s; P¼0.03], but was unchanged in the sham group (Fig. 5a) .
After the termination anaesthesia, the EEG waveform pattern and spectrum also demonstrated that the time point of the transition from an unconsciousness state to a consciousness state was significantly shorter after the active gene viral transfection injection compared with before the transfection (Fig. 5b) .
Discussion
Postoperative cognitive dysfunction (POCD) is associated with delayed recovery from general anaesthesia and is most apparent in aged populations; the exact mechanisms underlying delayed emergence remain to be clarified. The aim of the current study was to understand the role of the orexinergic system in delayed emergence from anaesthesia in aged animals. We found that the delay of emergence from isoflurane anaesthesia in aged rats was associated with lower OX1R expression, rather than changes in the numbers of orexin neurones per se. Faster emergence from anaesthesia was seen in aged animals after genetically restoring the OX1R expression, identifying a role for the orexin system in delayed recovery after general anaesthesia. Elderly patients commonly take longer to wake up from general anaesthesia, regardless of the type of anaesthetic used. 3, 18, 19 Increased sensitivity to general anaesthetics upon ageing with altered pharmacodynamics is responsible for the increased sensitivity to phenobarbital in aged rats. 20 The delayed emergence in aged rats independent of the general anaesthetic agent used or the route of anaesthetic delivery. 21 Further evidence has shown that neither the bloodegas partition coefficient 22 nor most tissueegas partition coefficients 23 significantly changed during isoflurane anaesthesia in relation to ageing. In addition, our previous clinical trial has revealed that the delay in emergence was still seen in aged patients after the surgery in the absence of a different sensitivity excluded by the bispectral index monitor and the use of age-adjusted MAC. 3 Some researchers speculate that age-related cholinergic neurone loss within the basal forebrain or the fact that multiple arousal systems undergo degenerative changes with ageing might also lead to an increase in anaesthetic sensitivity and delayed emergence from general anaesthesia. 21, 24, 25 Our study provides new insight into the mechanisms underlying the prolonged recovery time from general anaesthesia in aged populations. Orexin is a novel neuropeptide, discovered in found in 1998, 26 which is produced by a very small population of cells in the lateral and posterior hypothalamus. Orexinergic signalling has a crucial role in anaesthesia arousal neural circuits during i.v. and inhaled general anaesthesia. 7, 9, 12 However, it is still unclear as to whether there are peripheral sources of orexins. Neuropathological studies have shown that, in patients with narcolepsy, lower orexin-A concentrations seen in plasma and cerebrospinal fluid were attributed to the loss of orexin neurones in the hypothalamus. 27, 28 These studies suggest that plasma orexin concentrations may reflect orexin expression in brain. We, therefore, initially speculated that there would be lower orexin concentrations in aged populations. Unexpectedly, we previously found that plasma orexin concentrations were higher in aged patients with delayed emergence from sevoflurane anaesthesia, 3 which was counter-intuitive in relation to function of orexinergic system. It was unclear how the orexinergic pathway was involved in delayed emergence from general anaesthesia in the aged population. In the present study, we confirmed that the number of orexinergic neurones in the lateral hypothalamus in aged rats was comparable with that seen in adult rats, and that aged rats had a higher plasma orexin-A concentrations than adult rats. However, the expression of OX1R in the brain of aged rats was lower than adult rats. These results may suggest that ageing-related delayed emergence from general anaesthesia is partially caused by the down-regulation of OX1R in the brain. These observations are consistent with human data, where concentrations of orexin-A were significantly higher in patients of both sexes aged 60 yr or older than that in patients who were 39 yr or younger. 13 There are a number of studies focusing on changes in the orexinergic neural system related to ageing. 29e32 Kessler and colleagues 29 found that aged Fisher 344/Brown Norway F1 hybrid rats (26e28 months old) had more than 40% loss of orexin-immunoreactive neurones in the perifornical area of the hypothalamus. In the research of Porkka-Heiskanen and colleagues, 31 the decrease in the number of cells was explored at transection levels of 2.7, 3.1, and 3.3 mm from bregma. In our study, we found no difference in the number of orexinergic neurones in the hypothalamus between the adult and 20-month-old SD rats. The discrepancy between the present study and that of Kessler and colleagues 29 may be related to differences in animal strains and age. A very recent study has reported an overall decrease (average 23e25%) in the proportion and density of orexin-immunoreactive neurones in the human hypothalamus from infancy to older age (from 0 to 60 yr). Spectral analysis of EEG data shows changes in emergence time before and after virus transfection. Warm colours (e.g. red) represent higher power at a given frequency, whilst cool colours (e.g. blue) represent lower power. The red arrow shows the corresponding recovery of the righting reflex time.
However, the difference in orexin-positive neurones in older (40e60 yr) and aged individuals (>60 yr) was not explored. In our study, markedly lower OX1R expression in aged animals suggested a role for the reception in delayed emergence after isoflurane anaesthesia. We propose that orexinergic neurones release more orexin-A neuropeptide to compensate for the loss of OX1R expression and innervation of orexin fibres in aged animals. 33 Delayed emergence from anaesthesia is related to several major complications after surgery in aged patients, such as pneumonia and POCD. 34 In our study, the surgery for implantation EEG electrodes may have acted as a confounding factor, as the impact of surgery on the adult and aged subjects might be different. To avoid the impact of surgery on the results, the experimental animals were allowed to rest for at least 7 days to recover after the implantation of the EEG electrode or after the embedding of the guide cannula for virus injection. Moreover, analgesia after surgery was used to ameliorate the influence of injury on behavioural tests. Ageing is a complicated physical condition that can induce differences in pharmacokinetics and pharmacodynamics between adult and aged populations. In the current study, detailed pharmacokinetic and pharmacodynamic observations were not performed. Pharmacodynamic studies have previously indicated an increased sensitivity to the anaesthetic in aged subjects. 20, 21 However, we found previously that delayed emergence still occurred in aged patients when differences in anaesthetic sensitivity were excluded by adjusting the MAC based on bispectral index monitoring. 3 In addition, the present study used only a single concentration of isoflurane (1.4%), and an investigation of dose responses would be required. However, our results suggest that manipulation of orexinergic signalling may offer a promising strategy for hastening emergence from general anaesthesia to aid in the preservation of cognitive function after surgery in aged patients.
